Normal aging is frequently accompanied by a decline in cognitive capacities supported by the prefrontal cortex. The principal aim of the present study was to determine whether these impairments are coupled to morphometric alterations affecting the volume of the prefrontal cortex in an established nonhuman primate model. A large sample of 19 young (4-11 years old) and 40 aged (20-32 years old) rhesus monkeys was tested using a delayed response procedure known to require the functional integrity of area 46 of the prefrontal cortex. Aged monkeys displayed robust delayed response deficits that were specifically related to the demands of testing on memory. Modern stereological methods were then used to estimate the total volume of area 46 and the volume of layer I in brains from 21 young and aged monkeys. Prefrontal cortex volume was entirely preserved in the aged monkeys as a group and among the subset of aged subjects that displayed the most severe behavioral impairment. These findings indicate that gross morphometric alterations affecting cortical volume are unlikely to account for age-related decline in the information processing capacities of area 46 in primates. Taken together, current evidence instead suggests that changes in the functional connectivity of critical cortical circuits may contribute to normal cognitive aging. 1999 Academic Press
INTRODUCTION
Normal aging is frequently accompanied by a decline in the cognitive capacities supported by the prefrontal cortex (reviewed in 10, 32, 35) . Aged humans, for example, have difficulty recalling the source of acquired information (''source amnesia'') (20, 23, 24) , even under conditions where memory for the target items themselves is relatively preserved (8, 13) . Deficits are also observed on tasks requiring aged subjects to report temporal order information or to rate the degree of confidence they have in the accuracy of their memory abilities (''metamemory'' judgment) (7, 25) . A qualitatively similar neuropsychological profile is seen in younger adults with confirmed frontal lobe damage (18) (19) (20) 36) , prompting the view that prefrontal dysfunction contributes to the cognitive outcome of normal aging. Research in animal models supports this hypothesis, demonstrating that aged rats and monkeys display reliable deficits on multiple testing procedures known to require the functional integrity of the frontal cortex (reviewed in 31). Taken together, available neuropsychological evidence has led to the view that deficits in the information processing capacities of the prefrontal cortex are among the most prominent signatures of normal cognitive aging.
The neurobiological basis of declining prefrontal cortical function in aging remains to be defined. One possibility is that the structural integrity of the frontal neocortex is compromised by frank neuronal degeneration, synaptic loss, or other morphometric alterations. The consensus emerging from recent studies, however, is that many cortical areas, including subdivisions of the prefrontal cortex known to participate critically in memory-related processes, are relatively resistant to cell death during normal aging. Peters et al. (27) , for example, have reported that neuronal density in the cortex comprising the principal sulcus (area 46) remains stable across the life span in rhesus monkeys. Combined with evidence that the total volume of this region is also preserved, as shown in the present study, it seems unlikely that aging is accompanied by significant neuronal loss in area 46. Other morphological parameters appear more susceptible, however, with early studies reporting substantial disruption of dendritic architecture and decreased synaptic density in the monkey prefrontal cortex (6, 38) . Recent analyses extend these observations, indicating that layer I of area 46 is particularly prone to aging in the monkey and, moreover, that changes in both synaptic density and the thickness of this layer are correlated with neuropsychological test scores among young and aged subjects (28) . Thus, these findings count in favor of the interpretation that alterations in prefrontal cortical circuitry contribute to the cognitive outcome of normal aging in primates.
Current evidence from nonhuman primate models leaves unresolved a number of issues in the behavioral and morphometric study of prefrontal cortical aging. Few laboratories have carried out coordinated neuropsychological assessment and quantitative neuroanatomy, preventing a direct test of the proposal that changes in relevant morphometric parameters are coupled to individual differences in age-related cognitive decline. To date, only two published studies in monkeys have adopted this approach (27, 28) . A related concern is that previous investigations generally have had available only small numbers of aged monkeys. This is an important issue influencing the sensitivity of both behavioral and morphometric assessment and the ability to detect statistically significant relationships across these measures. Finally, the majority of earlier investigations were conducted prior to the development of modern stereological methods of quantification. These techniques represent an especially important advance for research on aging, establishing a standardized strategy for morphometric assessment that circumvents many of the potential confounds inherent in other approaches.
The present study addresses the proposal that the functional organization of the prefrontal cortex is compromised by gross structural alteration in the rhesus monkey. A compelling test of this hypothesis was enabled, in part, by results from a long-term series of investigations aimed at characterizing the nature and severity of cognitive impairment in this nonhuman primate model (reviewed in 29). Specifically, data are reported for unusually large groups of young and aged monkeys demonstrating that the study population used for morphometric analysis displays significant agedependent impairment on a neuropsychological assessment known to require the functional integrity of the prefrontal cortex. Moreover, the behavioral findings demonstrate that this deficit is specifically related to the demands of testing on memory, a result that has not always proved statistically robust in studies based on small numbers of subjects. Modern stereological methods were then used to estimate the total volume of prefrontal cortex area 46, for a large sample of 21 macaque monkeys, including a substantial subset that was behaviorally characterized prior to histological evaluation. In view of the changes that have been reported in layer I during aging in macaque monkeys (27, 28) , the volume and histological changes were evaluated and correlated with cognitive performance separately for this layer. Overall, the results suggest that the structural integrity of area 46 is grossly preserved during normal aging in the nonhuman primate and that morphometric alterations affecting cortical volume are not required for age-related decline in the functional capacities of this region.
MATERIALS AND METHODS

Subjects
Behavioral findings are reported for a total of 59 young (4-11 years, n ϭ 19) and aged (20-32 years, n ϭ 40) rhesus monkeys (Macaca mulatta), of both sexes, that were tested on a classical delayed response (DR) test of visuospatial memory (see below). Average life span in rhesus monkeys maintained in captivity is less than 25 years and a conversion ratio of 3:1 has been suggested as a basis for comparison with chronological age in humans (37) . In the present study, birth dates were available for 8 of the aged monkeys, while age estimates for the remaining old animals were based on dentition, sexual maturity, and other developmental markers tracked after the time of capture. All subjects were naive with respect to formal memory testing and they received ophthalmic, clinical, and physical exams prior to entry into the present study. On the basis of these assessments and other documentation, animals were excluded if they had physical disabilities (e.g., macular degeneration) or prior experimental histories (e.g., chronic drug administration) that might confound interpretation of the behavioral or neuroanatomical results.
The brains from a substantial sample of behaviorally characterized monkeys were available for quantitative morphometric analysis (n ϭ 18; 6 young and 12 aged). Materials were also analyzed from 3 aged monkeys that were not behaviorally tested and sacrificed for health reasons not expected to influence the experimental outcome variables. Subjects were singly housed prior to sacrifice in colonies of approximately 40 animals, maintained on a 12-h light/dark cycle. Standard rations of laboratory primate chow were provided twice daily and dietary restriction regimens were not used. Water was available ad libitum in the home cage. All experimental procedures were conducted in accord with NIH guidelines following protocols approved by Institutional Animal Care and Use Committees at the Mount Sinai School of Medicine and the California Regional Primate Research Center at UC Davis.
Behavioral Testing Procedures
Delayed response performance in young monkeys is exquisitely sensitive to damage involving area 46 of the dorsolateral prefrontal cortex (reviewed in 14). In addi-tion, numerous studies have documented that monkeys over approximately 19 years of age display robust impairments on this task (3, 4, 30) . In the present experiments, DR performance provided a framework of evidence for evaluating potential morphometric alterations in the context of age-related cognitive decline. Testing was conducted in a Wisconsin General Test Apparatus (WGTA), identical to previous descriptions (33, 34) . Briefly, monkeys observed through a clear barrier while one of the two lateral wells of the WGTA stimulus tray was baited with a food reward. The wells were then covered with plaques identical in appearance and the barrier was raised immediately to permit a response. Thirty trials were provided per daily test session using a 20-s intertrial interval. The left/right position of the reward was balanced across trials within a session. Animals were tested until they reach a 90% correct criterion (9 or fewer errors in 9 consecutive 10-trial blocks). Testing subsequently continued in the same fashion except that a 1-s retention interval was imposed by lowering the opaque door of the WGTA between the baiting and response phase on each trial. When the performance criterion was reachieved, the memory demands of the task were made progressively more challenging by imposing successively longer delays of 5, 10, 15, 30, and 60 s. A total of 90 trials (30/day) were provided at each delay.
Histological Processing
Animals were deeply anesthetized and perfused through the ascending aorta with a series of aldehyde fixatives at 4°C consisting of 1% paraformaldehyde in phosphate-buffered saline (PBS, pH 7.2) followed by 4% fixative in PBS. Brains were blocked in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA), and, following cryprotection in a glycerol/ethylene glycol solution in buffer, frozen in isopentane and cooled in a dry ice/methanol bath. Serial histological sections were cut on a freezing microtome at a nominal thickness of either 30 or 40 µm. A 1-in-10 series of sections was mounted, defatted in chloroform/ethanol (1:1), and stained with Thionin (0.25%) for subsequent morphometric analysis. Of these, every third section was used for quantitative morphometric analysis.
Stereological Analysis
All quantifications were performed with a Zeiss Axiophot photomicroscope equipped with a highresolution Zeiss ZVS-47E video camera, a Zeiss MSP65 computer-controlled stage, a Macintosh 840 AV workstation, and NeuroZoom, a custom-designed morphometry and stereology software package developed in collaboration with the Scripps Research Institute (La Jolla, CA) (5, 40). When calculating the volumes of the complex cortex and layer I in area 46, mean tissue thickness was first measured from each, the boundaries of area 46 were defined, and the volume was measured with the NeuroZoom software according to the Cavalieri principle. The software measures the surface area of the region of interest (e.g., layer I) on each section by point counting and then multiplies the sum of the area values by the distance between the sections sampled. The total volume of area 46 was estimated using the same method. Mean tissue thickness was calculated using another function in NeuroZoom, by taking three random measurements from one slide and averaging them to calculate the mean tissue thickness of that section (mean tissue thickness was 11.7 µm in young animals and 12.1 µm in aged animals after the staining procedure; possible postmortem interval influence on tissue shrinkage was not an issue in the present study since the animals were perfused). Each section was observed with a 100ϫ Zeiss Plan-Neofluar 1.4 N.A. oil immersion objective. This was done with three slides chosen randomly from the series containing area 46. A magnification of 5ϫ was used to establish the boundaries of area 46 and strict morphologic criteria regarding laminar and cellular characteristics were used consistently in all animals. To estimate volumes the NeuroZoom software created a grid of crosspoints separated by 200 µm (yielding an area associated with each points of 40,000 µm 2 ), over the live image of the tissue displayed on the computer screen. Each crosspoint falling within the defined boundaries of area 46 (or of layer I alone) was selected. The software calculated and recorded the area of the tissue based on the number of, and area associated with, the crosspoints selected. Every 30th section after a random start within the series containing area 46 was used to estimate the volume of layer I and the total volume of all layers comprising area 46. The total number of sections examined per brain ranged from 18 to 23 reflecting considerable individual variation in the rostrocaudal length of area 46. Importantly, morphometric analysis was conducted in a blinded fashion with respect the chronological age and cognitive status of the experimental subjects. Effects of aging on DR performance and area 46 volume were explored by ANOVA with an ␣ value of 0.05. The coefficients of variation (CV) and error (CE) of the stereologic estimates were also calculated according to the method described by West et al. (39) . All statistical analyses were performed using StatView 5.0.
RESULTS
Delayed Response
Young and aged monkeys learned rapidly when the memory demands of the DR task were minimal, at the 0-s delay, reaching the criterion of 90% correct in an average (ϮSEM) of 90.5 Ϯ 26.5 and 78.8 Ϯ 15.6 trials, respectively (Fig. 1A) . Performance at this stage failed to differ as a function of age (F Ͻ 1.0). This preserved capacity is noteworthy, indicating that older monkeys were motivated to perform and that changes in motivation and sensorimotor function were not sufficient to prevent high levels of task accuracy. The aged group was significantly impaired, however, when a 1-s delay was imposed between the baiting and response phase of the trials (F 1,56 ϭ 5.3, P Ͻ 0.05). Although the mean number of trials to reachieve the performance criterion was fourfold greater in the aged group, only one was unable to perform at 90% correct or better with sufficient training. Significant age-related deficits were observed throughout subsequent testing, under conditions of increasing memory demand (Fig. 1B ; data from the aged animal that failed criterion at the 1-s delay are excluded). A repeated measures ANOVA, using performance across delays of 5 to 60 s as a within subject factor, revealed significant main effects of delay (F 4,224 ϭ 97.7, P Ͻ 0.0001) and age (F 1,56 ϭ 46.0, P Ͻ 0.0001). These results indicate that accuracy declined in both groups over longer retention intervals and, overall, the aged group was significantly impaired relative to younger animals. The interaction between age and delay was also statistically significant (F 4,224 ϭ 5.4, P Ͻ 0.0005), consistent with the observation that the difference between groups increased from approximately 9% at the 5-s delay to nearly 19% at the longest retention interval (60 s). Together, this pattern of results directly confirms that the magnitude of age-related impairment in the study population was related to the demands of testing on memory.
Qualitative Cytoarchitecture and Morphologic Observations
Area 46 could be recognized relatively easily in Nissl preparations using strict cytoarchitectonic criteria, as it differs from the adjacent areas 45, 9, 10, and 8a by several features (Figs. 2A-2F ). Figure 2G shows the localization of these different cortical regions on a lateral view of the macaque monkey prefrontal cortex. Establishing a set of consistent anatomical criteria was essential for the definition of the boundaries of area 46 used in the stereologic analyses. The most salient features characterizing area 46 in comparison to surrounding areas were a relatively thicker and denser layer II, a thin layer IV, and the presence of darkly stained, medium sized pyramidal neurons, regularly spaced throughout the deeper part of layer III (IIIc) and the superficial part of layer V (Va; Figs. 2A-2C ). These pyramidal neurons were particularly prominent in the rostral and caudal portions of area 46, whereas they were sparser in its middle portion ( Figs. 2A-2C ). Area 45, ventrolaterally to area 46, was defined by a thinner and less dense layer II, thicker layer IV, and the presence of larger pyramidal neurons in layers IIIC and Va (Fig. 2D) . Anteriorly in area 10, no such distinct pyramidal neurons were observed in layers IIIc and Va, and layer IV was more prominent than in the rostral part of area 46. The cortex of area 9 in the dorsolateral convexity of the prefrontal cortex had thicker layers V and VI than in area 46 and contained generally larger and more densely packed pyramidal neurons, while layer IV was very thin, as in area 46. Layer III pyramidal cells were also larger in area 9 than in area 46 (Fig. 2E) . Finally, area 8a, which contains the frontal eye field, borders area 46 caudally and was easily distinguished by the presence of much larger pyramidal neurons in layer V, a very dense population of intensely stained pyramidal cells in layer III, and the absence of a layer IV (Fig. 2F) .
Qualitative observations revealed no obvious differences in the neuronal distribution and overall densities in area 46 between young and aged animals. No evidence of degenerating neurons was observed in any of the aged brains. The cellular composition of layer I (Fig. 3) was also grossly normal although some of the brains from young monkeys did appear to have a greater number of large neurons in this region (Fig.  3B) . There was no obvious gliosis or any evidence of laminar shrinkage in layer I of the aged animals (Figs.  3C and 3D ). Formal quantitative analysis confirmed the gross volumetric preservation of area 46 in the aged monkey brain (Table 1 and see below). Table 1 lists the quantitative results from the 21 young and aged monkeys that were available for histological analysis. The mean (ϮSEM) total volume of area 46 differed by less than 6% across groups, averaging 119.8 Ϯ 7.2 and 127.0 Ϯ 6.8 mm 3 in young and aged monkeys, respectively. This subtle numerical difference failed to approach statistical significance (P Ͼ 0.1). Similar to the lack of an age effect on the total volume of area 46, separate volumetric estimates for layer I and layers II-VI were statistically indistinguishable across groups (in both cases, P Ͼ 0.1; Fig. 4A , Table 1 ). The morphometric results also failed to correlate with chronological age, regardless of whether the data for young and aged monkeys were considered together or separately (in all cases, P Ͼ 0.1). It is worth noting that the absence of an age effect in this analysis was not the result of using insensitive methods of quantification. Coefficients of error for the data were generally well under 10% (individual CE ranged between 0.04 and 0.10, for all measures in both groups), indicating that the precision of the stereologic estimates was sufficiently high to detect even relatively subtle age-related volumetric changes. Finally, the volumes of layer I alone and all of area 46 were strongly correlated across brains (r ϭ 0.95, P Ͻ 0.0001, Fig. 4B ), independent of age or cognitive performance. The group CV for the volumetric measurements ranged between 0.14 and 0.25, indicating a relatively moderate degree of interindividual variability in area 46 (Table 1) .
Quantitative Morphometric Findings and Relationship to Behavior
Although standard statistics comparing group means failed to detect an effect of age on the volume of area 46, it might be that a robust morphometric change occurs selectively among those aged subjects with the most pronounced cognitive decline. This possibility was tested by comparing the volumetric results across young subjects and subgroups of aged monkeys that were clearly distinguished by their performance on the DR task described earlier. Specifically, a summary performance measure was calculated as the average percentage correct that animals scored on the memory component of the task, across retention intervals of 5 to 60 s (Table 2) . Classified according to this parameter, we then compared the volumetric results for the young monkeys (n ϭ 6), the four aged monkeys that performed most accurately on the DR task, and the four aged monkeys that displayed the most severe agerelated impairment. As would be expected given the treatment of the behavioral data, mean percentage correct scores were reliably different across the two of subgroups aged monkeys (F 1,6 ϭ 10.7, P Ͻ 0.05), and both scored significantly lower than young animals (P Ͻ 0.05; Table 2 ). In contrast to this clear distinction in cognitive status, none of the volumetric estimates for area 46 differed between the aged subgroups or across the aged subgroups in comparison with young subjects (in all cases, P Ͼ 0.1).
DISCUSSION
Delayed response impairment is arguably the most well-documented cognitive consequence of aging in the nonhuman primate (2-4, 21, 22, 30, 34 ). The present findings replicate this effect and provide additional evidence concerning the specific nature of the deficit. Previous studies generally have had available only small groups of young and aged monkeys, limiting the sensitivity of assessment in certain crucial respects. For example, although a number of independent investigations have reported that the absolute magnitude of age-related DR impairment tends to increase over successively longer retention intervals, this effect has not always proved statistically reliable (e.g., 3, 21, 34) . In these instances it is difficult to dismiss the possibility that deficits in perception, motivation, or factors other than memory account for impaired performance. Taking advantage of uniquely large sample of subjects, the present study provides compelling evidence that DR deficits in the aged monkey are directly related to the demands of testing on memory. Viewed in the There are no obvious differences between young and old monkeys in the cellular composition of layer I, except that the young animals appear to have a few more large neuronal elements compared to the old monkeys. Notably, the old monkeys do not show a particularly high degree of gliosis or vertical shrinkage in layer I. Bar (in D), 50 µm.
context of these findings, previous failures to document a delay-dependent pattern of DR impairment seem likely to reflect statistical power considerations rather than a preservation of memory in the aged monkey. Accurate DR performance, under conditions requiring retention over a few seconds or more, critically depends on the functional integrity of the dorsolateral prefrontal cortex (reviewed in 14, 15) . Based on this background, the present experiments were designed to yield a sensitive framework for relating the cognitive outcome of aging in monkeys to potential morphometric alteration in area 46. Three main findings emerged from the analysis. First, statistical comparisons failed to reveal even a trend toward a difference between the young and aged groups for any of the volumetric parameters examined. Second, individual variability in prefrontal volume failed to correlate with chronological age for either the young or the aged subjects alone or when all 21 monkeys were considered together. Finally, even those aged animals that displayed the most pronounced DR deficits showed no evidence of volumetric change relative to young subjects or other aged monkeys with less severe cognitive impairment. Together, these findings provide a compelling demonstration that the volume of area 46 is substantially preserved in the aged nonhuman primate and that structural alterations affecting cortical volume are unlikely to account for age-related decline in the information processing capacities of this cortical region. It should be noted that individual brain weights were not Note. Numbers represent the age in years and the volumes (in mm 3 ) of layer I, layers II-VI, and of the whole area 46 in each of the 21 monkeys included in this study. The mean values Ϯ SEM, as well as group CV and CE, are shown for both young and aged animal groups.
FIG. 4. (A)
The total volumes of area 46 (circles) and of layer I (squares) assessed using the Cavalieri method are unaffected by aging. The CV for both the volume of layer I and the total volume of area 46 were comparable in either age group (see Table 1 ). (B) There is however a strong correlation between the volume of layer I and the volume of area 46, independently of age or cognitive performance, suggesting that age-related changes in layer I are unlikely to have consistent repercussions on cognitive status and morphometric characteristics of prefrontal cortex.
obtained from the animals in the present study. Clearly, brain weight may contribute to variation in volumetric measurements. However, our observations agree with previous data demonstrating that brain weight does not vary significantly in aged nonhuman primates, although a recent study reported a moderate decline in brain weight in aged chimpanzees (16, 17) . Furthermore, variations in the volume of individual neurons may be produced by a certain degree of neuronal shrinkage. This issue is however difficult to assess accurately without a formal stereologic estimator of cellular volume but should be considered particularly in aged animals with poor cognitive performance. This is the first investigation estimating the total volume of area 46 in large samples of behaviorally characterized young and aged monkeys. Closely related data were reported in two earlier studies, one involving a group of five aged rhesus monkeys and another in a slightly larger cohort of seven old animals (27, 28) . The first of these reports found no effect of age on either the total thickness of the cortex in area 46 or the thickness of any individual cortical layer within this region (27) . Moreover, these measures failed to correlate with cognitive test scores available for the aged subjects. In contrast, a more recent analysis from the same laboratory concluded not only that the thickness of area 46 layer I declines significantly with age, but that the magnitude of this effect is coupled to variability in the cognitive outcome of aging (28) . The disparity across these studies is surprising since the seven aged brains analyzed in the second investigation (28) included the same five aged cases examined in the earlier analysis that failed to detect any relationship between age or cognitive status and layer I thickness in area 46 (27) . A variety of factors might account for this discrepancy including the small number of brains available for analysis and the inherent limitations of using a twodimensional measure from a restricted sampling region (i.e., cortical thickness in the floor of the principal sulcus) to represent a three-dimensional brain structure. The correlation observed in one report between cognitive function and layer I thickness is also difficult interpret. Data from young and aged subjects were considered together in this analysis, without statistical control for the possibility that the morphometric and behavioral findings simply covary with chronological age. In any case, by combining sensitive behavioral assessment with unbiased stereological analysis in large groups of young and aged subjects, the present results argue strongly in favor of the conclusion that the volume of area 46 is preserved in the aged monkey and that gross structural alteration is not required for age-related decline in the functional capacities of the prefrontal cortex.
These findings establish a valuable background for defining the basis of age-related prefrontal cortical dysfunction. A number of studies have reported that synaptic density declines in the aged monkey prefrontal cortex and, in one case, the magnitude of this effect correlated with the results of neuropsychological assessment (28, 38) . One account of these findings is that neuron number decreases with age and that changes in synaptic organization are secondary to frank neuronal degeneration. Taken together with evidence that neuron density remains stable (25) , however, the volumetric data presented here imply that the total number of neurons in area 46 is largely preserved during aging in the nonhuman primate. Thus, changes in connectivity within the grossly preserved architecture of the prefrontal cortex represent one route by which the functional organization this system might be disrupted during aging. Other factors almost certainly contribute, however, including a significant influence of neurochemically specific afferent projections on prefrontal function (reviewed in 1, 2). In this context it is worth noting that layer I of area 46 also demonstrates a substantial loss of synaptic profiles on dendritic spines of the apical dendritic tufts of pyramidal neurons (28) . Additional changes reported in the prefrontal cortex include pathologic alterations of neuroglial cells and pericytes, which accumulate large cytoplasmic inclusions, as well as degenerating oligodendrocytes of myelinated axons (9, 26, 27) . Clearly, such changes in myelination could have substantial repercussions on the functional connectivity of affected cortical circuitry (9, 26, 27) . Similarly, specific alterations in the expression of certain glutamate receptor subunit proteins, that may lead to functional decline without neurodegeneration, have been shown to occur in aged monkeys, compared to juvenile and adult monkeys. Recent data have demonstrated that NMDAR1 receptor levels decrease specifically and consistently in the outer molecular layer of the dentate gyrus where part of the perforant path terminates, but there are no such changes in AMPA or kainate receptor subunits and no morphologic reflection of degeneration Note. Agedϩ and AgedϪ represent the best and worst performers on the delayed-response task (DR), respectively. Mean DR 5-60 s refers to the average percentage correct score across delayed response retention intervals of 5 to 60 s. Data are shown as means Ϯ SEM. No correlations with volumes are observed but the AgedϪ animals performed significantly less well than the Agedϩ animals and both groups of aged animals were cognitively impaired compared to the young group (P Ͻ 0.05).
of the perforant path (11) . In particular, there is no neuronal loss in layer II of the entorhinal cortex in these aged animals (12) . These findings suggest that the intradendritic parcellation of a neurotransmitter receptor is modifiable in an age-related and circuitspecific manner and that this change is anatomically positioned to influence the information processing capacities of systems critical for normal learning and memory. Defining the functional significance of these alterations, however, will require a multidisciplinary approach, combining morphological and biochemical analysis in relation to the cognitive outcome of normal aging.
